To study the rapid action of estrogen on the male reproductive system in teleost, a full-length cDNA homologous to the seven-transmembrane receptor GPER of humans and rodents was cloned from the testis of zebrafish. Biological characterization of this cloned zebrafish gper was performed based on its functional expression in cultured eukaryotic cells. Saturation analysis and Scatchard plotting of [ 3 H]-estradiol binding to plasma membranes of gper-transfected COS-7 cells and cAMP response element transactivation assay demonstrated the biological function of the cloned gper as an estrogen receptor. In addition, treatment of gper-transfected COS-7 cells with 17beta-estradiol increased the phosphorylation of MAPK3/MAPK1. However, the inactivity of Gper in the FOS promoter transactivation study indicated some functional difference between the zebrafish and human receptors. We found gper to be highly expressed in the brain and testis by RT-PCR analysis. Results of in situ hybridization demonstrated the localization of gper in specific brain regions and in early germ cells of the testis, including the spermatogonia, spermatocytes, and somatic cells such as Sertoli cells in adult male zebrafish. Subsequent RT-PCR analysis in cells derived from laser capture microdissection microscopy further confirmed the high expression of gper in early germ cells of the testis. The present study demonstrates the existence of a functionally active Gper in zebrafish and suggests a putative role in mediating the rapid action of estrogen in male reproduction.
INTRODUCTION
It has been well established that estrogen has an important role in male reproduction. The first Esr1 knockout mice generated by Lubahn et al. [1] showed serious symptoms of infertility in males. Genomic Esr2-deleted mice, although fertile, also suffered from hyperplasia in the prostate and bladder [2] . In addition, a systematic study [3] on the localization of ESRs and aromatase in the developing rodent's testis, efferent ductules, and epididymis indicated temporal and spatial variations of ESRs and aromatase in the male reproductive organs at the mRNA level and at the protein level. There is a substantial amount of information indicating the involvement of nuclear ESRs in mediating the action of estrogen in modulating male reproduction.
The classic ESRs are members of the nuclear receptor superfamily. Ligand-activated ESRs further initiate or repress transcription of target genes in the nucleus by binding directly to an estrogen response element in the promoter region or by interacting indirectly with other nuclear proteins, including coactivators and corepressors. These require hours or days to elicit the final effects. However, many spontaneous estrogen responses that occur in the uterus [4] , breast cancer cells [5] [6] [7] [8] [9] , ovary [10, 11] , bone [12] [13] [14] [15] , and neuroendocrine tissues [16] within seconds or minutes cannot be explained by the aforementioned genomic effect. In the past 30 years, attention had been focused on nuclear ESR-mediated estrogen rapid response. It is possible that nuclear ESRs could enable membrane translocation through posttranslational modification [17, 18] or by interacting with membrane adaptor molecules Shc [5] and Src [6] or other signaling proteins, including PIK3 [19] and G proteins [20] , to activate the subsequent signaling cascades.
Recently, nonclassic ESR-induced estrogen nongenomic signaling has aroused great interest. A seven-transmembrane receptor GPER is characterized as the potential membrane ESR that mediates the rapid responses of estrogen. GPER is a G protein-coupled receptor (GPCR) with a broad expression spectrum in the human heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas [21] . Immunocytochemical studies identified the intracellular localization of GPER in the endoplasmic reticulum, Golgi apparatus [22] , and plasma membrane [23] . Saturation analysis and competitive binding assay showed that GPER represents a high-affinity (dissociation constant [K d ], 2.7 nM) and saturable 17b-estradiol (E 2 ) binding receptor [22, 24] . GPER activates the mitogenactivated protein kinases (MAPKs) via transactivation of the epidermal growth factor receptor (EGFR) through release of heparin-bound EGF [25] . It also facilitates stimulation of adenylyl cyclase and cAMP-mediated attenuation of the EGFR-to-MAPK signaling axis [26] . In addition, GPER induces rapid cytoplasmic calcium mobilization through mechanisms different from those of the nuclear ESRs [22] .
However, attention has so far been focused on GPERmediated responses in tumorigenesis since the receptor was first discovered from a breast carcinoma cell (MCF7) cDNA library [21] . Until recently, GPER has been implicated to exert actions on ovarian functions in hamster [27] and in Atlantic croaker [28] . In the present study, a full-length cDNA of a seven-transmembrane receptor with homology to human GPER was obtained from the testis of zebrafish and was demonstrated to be a functional ESR. The cellular expression profile in the testis was further investigated to explore the role of Gper in male reproduction.
MATERIALS AND METHODS

Experimental Animals
Zebrafish (Danio rerio) were bought from local pet shops and were maintained without separation of males and females at 288C in dechlorinated water on a 14L:10D cycle. All animal experiments were performed under license from the Government of the People's Republic of China and were endorsed by the Animal Experimentation Ethics Committee of Sun Yat-Sen University.
Cloning of Zebrafish gper Full-Length cDNA
Total RNA (1.5 lg) from adult zebrafish testis was reverse transcribed with 3AP (5 0 -GGCCACGCGTCGACTAGTACT[T] 16 -3 0 ) using RevertAid H Minus M-MuLV RT (MBI Fermentas). After purification of the first-strand cDNA using the E.Z.N.A gel extraction kit (Omega BioTek), 5 0 dCTP was added, followed by addition of terminal deoxynucleotidyl transferase (Takara).
Specific primers (5 0 -CTGGGCAGTGACACAGATGAAG-3 0 for gperF1 and 5 0 -CATCCTAGCAGGTGTGTTGAG-3 0 for gperR1) were used to amplify the open reading frame (ORF) of gper. These two primers were designed according to the GenBank sequence of CR382361, which was a zebrafish genomic sequence from clone DKEY-24P6 in linkage group three. The predicted ORF of gper (XM_688551) from this genomic sequence was first used to confirm the gper ORF in the CR382361 sequence by alignment. Subsequently, forward (gperF1) and reverse (gperR1) primers were designed from the CR382361 sequence upstream of the start (ATG) codon and downstream of the stop (TAG) codon, respectively. The intron was avoided by analyzing the conserved spliced donor and accepter dinucleotide sequences when designing such primers. Afterward, 3 0 rapid amplification of cDNA ends (RACE) was performed using common primer AUAP (5 0 -GGCCACGCGTCG ACTAGTAC-3 0 ) and gene-specific primer gperF2 (5 0 -GCACAGGGTTAG AGTGATTTCAC-3 0 ). Two other common adaptor primers, AAP (5 0 -GGCCACGCGTCGACTAGTACGGGGGGGGGG-3 0 ) and AUAP, together with gperR2 (5 0 -GGTGCTACATACTTCATCTGTGTC-3 0 ) were used in a nested PCR to amplify the 5 0 untranslated region (UTR). The ORF and RACE products were gel separated, purified, and inserted into pTZ57R vector (MBI Fermentas). Positive clones containing the expected size inserts were sequenced using M13F and M13R standard vector primers.
Sequence Analysis
All sequences of the cDNA fragments were pieced together using DNAssist version 2.0 [29] . The potential ORFs were analyzed using dnatools.dk 6.0 [30] and were translated into the corresponding amino acids. The cDNA sequence and the deduced amino acid sequence were compared with the sequences in the GenBank database. Multiple alignment of amino acid sequences were performed using the ClustalX 1.8 program [31] . A phylogenetic tree was constructed by MEGA3.1 [32] using the P distance-based neighbor-joining method with 1000 bootstrap replicates. The cDNA sequence information encoding for gper has been deposited in GenBank under the accession number EU652771.
Plasmid Construction for Functional Expression of the Cloned gper
An Nhe I site containing forward primer (5 0 -CAGTGCTAGCACC ATGGAGGAGCAGACTACCAATGTG-3 0 for pcDNA-gperF) and a BamH I and six-His tag containing reverse primer (5 0 -CGTAGGATCCCTAATGAT GATGATGATGATGCACCTCAGACTCACTCCTGACAG-3 0 for pcDNAgperR) were designed to amplify the ORF region of gper using Easy-A high-fidelity PCR cloning enzyme (Stratagene) under the following PCR conditions: 948C for 2 min, followed by 948C for 30 sec, 558C for 30 sec, 728C for 90 sec for 40 cycles, and then a final extension at 728C for 10 min. The PCR products were then purified on a 1.5% agarose gel, and the DNA bands were extracted using the E.Z.N.A. gel extraction kit. The fragment was digested with the restriction endonucleases Nhe I and BamH I (Takara) and were cloned into the double-restriction endonuclease-digested pcDNA3.1/Zeo(þ) vector (Invitrogen). Positive clones were verified by sequencing.
Cell Culture and Transfection Studies
COS-7 cells were cultured in phenol red-free Dulbecco modified Eagle medium (DMEM; GIBCO) enriched with 10% fetal bovine serum (Invitrogen). They were supplemented with the antibiotics penicillin and streptomycin (100 ng/ml of each; Invitrogen).
A total of 1 3 10 5 COS-7 cells were plated into 24-well dishes with 500 ll of regular growth medium per well the day before transfection. The regular growth medium was replaced with the medium without serum on the day of transfection, which was performed using lipofectamine reagent (Invitrogen).
For RT-PCR analysis of the transcription of the transfected cells, total RNA was extracted from gper-transfected and control COS-7 cells transfected with the empty vector. Samples were digested with RNase-free DNase I (MBI Fermentas) and were purified by phenol-chloroform and precipitated by ethanol before subsequent RT. About 1 lg of RNA was used as the template for RT using oligo(dT) primer and RevertAid H Minus M-MuLV RT. The PCR amplification was performed in a total volume of 20 ll containing 1 U of Taq DNA polymerase, 13 PCR buffer (MBI Fermentas), 1 lM of each primer, and 0.2 mM of each dNTP. Gene-specific primers amplifying the gper and monkey 18S rRNA were as follows:
, and 18SR (5 0 -CGCCTGCTGCCTTTCCTTG-3 0 ). The PCR was run for 3 min at 958C, followed by 40 cycles of 15 sec at 958C, 15 sec at 568C, 30 sec at 728C, and a final extension step at 728C for 1 min. Five microliters of the PCR product was separated on a 1.5% agarose gel. A sample prepared from the zebrafish testis was used as the positive control, while negative controls were included in which the RT step was omitted from the cDNA synthesis step. The experiment was performed in three independent batches of transfected COS-7 cells.
Western analysis was performed to confirm that the stably transfected cells actually expressed the Gper protein. Cell monolayers were harvested and homogenized by sonication in a nondenaturing lysis buffer (1% Triton X-100, 50 mM Tris-Cl [pH 7.4], 300 mM NaCl, 5 mM edetic acid [EDTA], 0.02% sodium azide, and 1 mM PMSF). Total protein concentration was determined using the BCA protein assay kit (KeyGen). Electrophoresis was conducted with 30 lg of total cell protein per lane on a 15% SDS-PAGE. The separated proteins were then transferred onto a nitrocellulose membrane by a semidry apparatus (Bio-Rad). After a brief wash with TBS and 1-h blockage with 8% nonfat milk in 13 TBS and 0.1% Tween 20 (TBST), the membrane was probed by overnight incubation with a 1:2000 diluted anti-His Tag monoclonal antibody (Novagen) or a 1:2000 diluted goat anti-glyceraldehyde-3-phosphate dehydrogenase polyclonal antibody (Jinsite Biotechnology) in TBST solution containing 8% nonfat milk at 48C. It was then washed three times with TBST and incubated with peroxidase-conjugated goat anti-mouse IgG (Boster Biotechnology Co. Ltd.) for 1 h at room temperature. The blot was finally washed three times in TBS buffer and was visualized by exposure to x-ray film after rinsing with the enhanced chemiluminescence reagent (Pierce). Results from at least three independent experiments were analyzed.
Estrogen Binding Assays
Plasma membranes of gper-transfected and untransfected COS-7 cells were prepared at 48C according to published procedures [28, 33] . Briefly, cells grown in 150-mm cell culture dishes close to full confluence were washed twice with ice-cold PBS and harvested by scraping off the dishes. After 50-min centrifugation at 1000 3 g, the cells were suspended in ice-cold HAED buffer (25 mM HEPES, 10 mM NaCl, 1 mM dithioerythritol [DTT] , and 1 mM EDTA [pH 7.6]) containing 0.1% protease inhibitor cocktail (Invitrogen). The cell suspension was homogenized by passing through a 25-gauge needle five times. Cell lysates were centrifuged at 700 3 g for 10 min in a microcentrifuge to pellet the nuclei and unbroken cells. The plasma membranes were collected by 
FIG. 3. Phylogenetic analysis of the relationship of GPER sequences in
vertebrates. The tree is rooted by using GPR1 and IL8 receptors as the outgroup. The number indicates the bootstrap value (%), and the width of the branch reflects the support calculated by the bootstrap resampling. The length of the branch reflects the number of substitutions along each branch. The scale bar indicates 0.1 EAASS (expected amino acid substitutions per site). Protein sequences used for the analysis and their GenBank/Ensemble accession numbers are as follows: human GPER (NP_001496), chimpanzee GPER (XP_001145483), rhesus monkey GPER (XP_001084531), cattle GPER (XP_606236), house mouse GPER (NP_084047), Norway rat GPER (NP_598257), dog GPER (XP_537923), horse GPER (XP_001488797), chicken GPER (XP_414765), platypus GPER (XP_001516051), opossum GPER (XP_001378461), western clawed frog Gper (ACB32257), fugu Gper (CAG12216), Tetraodon Gper (ENST-NIP00000021763), medaka Gper (ENSORLP00000006336), Atlantic croaker Gper (ABY51613), stickleback Gper (ENSGACP00000018482), human GPR1 (NP_001091669), chimpanzee GPR1 (XP_001137590), rhesus monkey GPR1 (NP_001040594), crab-eating macaque GPR1 (AAK97052), horse GPR1 (XP_001505168), dog GPR1 (XP_536041), cattle GPR1 (XP_586728), house mouse GPR1 (NP_666362), Norway rat GPR1 (NP_037093), Norway rat IL8 receptor beta (NP_058879), gray short-tailed opossum IL8 receptor beta (XP_001366576), rhesus monkey IL8 receptor alpha (NP_001035510), dog IL8 receptor beta (NP_001003151), horse IL8 receptor beta (XP_001490787), pig IL8 receptor beta (XP_001926017), cattle IL8 receptor beta (NP_001094755), and cattle IL8 receptor alpha (NP_776785).
gper IN EARLY GERM CELLS OF ZEBRAFISH TESTIS 1255 further centrifugation of the remaining supernatant at 20 000 3 g for 20 min. The HAED buffer resuspended pellet was quickly stored at À808C for subsequent receptor binding assays.
[2,4,6,7-3 H]-E 2 (83.0 Ci/mmol; Amersham), at a final concentration ranging from 0.125 to 8 nM, was dissolved in 250 ll of HAED buffer with or without 1000-fold excess nonradioactive E 2 (Sigma) and was added to 250 ll of the gper-transfected or the control COS-7 cell plasma membrane preparations (;1 lg/ll). After 30-min incubation at 48C, bound radioactivity was separated from free radioactivity by filtration through presoaked glass microfiber filters (Whatman GF/B, 1-lm pore size; Pall). The filters were washed immediately with 10 ml of ice-cold HAED buffer (without DTT), and bound radioactivity was counted in a liquid scintillation counter. Specific binding was calculated as the difference between total and nonspecific binding. Scatchard plots of specific binding from three independent experiments were used to estimate the mean K d . The rates of association of receptor binding were determined by incubating membrane samples (;1 lg/ll) with 2 nM [ 3 H]-E 2 alone or with 1000-fold excess of nonradioactive E 2 in triplicates at 48C. The reaction was terminated at various times from 15 sec to 1 h. The specific binding was calculated as the difference between total and nonspecific binding at each time point. For determination of the rate of dissociation, a 1000-fold excess amount of nonradioactive E 2 was added to the mixtures of plasma membranes and [ 3 H]-E 2 , followed by incubation at 48C for 15 sec to 60 min.
Promoter Transactivation Assays
COS-7 cells were cotransfected with 0.5 lg of the gper plasmid together with a mixture containing 0.5 lg of a reporter plasmid (FOS-luc or pCRE-luc, PathDetect System; Stratagene) and 0.05 lg of pRL-CMV. After 4 h, the medium was replaced again with serum-supplemented phenol red-free DMEM. Cells were then treated with different concentrations of E 2 (Sigma) for 24 h. Luciferase activity was measured using the dual-luciferase kit (Promega).
Firefly luciferase values were normalized against the internal transfection control provided by the renilla luciferase activity. The specificity of interaction of Gper with other steroid hormones, including cortisol, testosterone, and progesterone (Sigma), was assessed under similar conditions as already described. Two independent clones of the gper expression plasmid were tested to confirm the results.
Western Analysis of Total MAPK3/MAPK1 and Phospho-MAPK3/MAPK1
COS-7 cells were stably transfected with gper in the presence of G418 (Sigma) as the selective antibiotic. Cells in a six-well plate were treated with different concentrations of E 2 (10 À11 M, 10 À9 M, and 10 À7 M) for 15 min and then immediately harvested by adding 200 ll of ice-cold lysis buffer (1% Triton X-100, 10 mM Tris-HCl [pH 7.4], 10% glycerol, 150 mM NaCl, 1 mM EDTA, 10 lg ml À1 leupeptin, 10 lg ml À1 aprotinin, 50 mM NaF, 0.1 mM Na 2 MoO 4 , 1 mM Na 3 VO 4 , and 1 mM PMSF) to each well. Cell lysates were centrifuged for 10 min at 15 000 3 g, and supernatants were collected for protein concentration determination. Equal amounts of proteins were resolved by SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes.
Immunoblotting was performed with anti-p44/42 MAPK (total MAPK3/ MAPK1) and anti-phospho-p44/42 MAPK (phospho-MAPK3/MAPK1) (Thr202/Tyr204) antibodies (Cell Signaling Technology) at 48C overnight, with the blocking buffer containing 5% nonfat dry milk. After washing, membranes were incubated with a horseradish peroxidase-conjugated goat antirabbit IgG antibody (Santa Cruz Biotechnology) for 1 h at room temperature. Bound antibodies were detected using the Immobilon Western reagents (Millipore Corporation). The validity of this Western analysis was validated beforehand by treating the cells with EGF (100 ng/ml; Invitrogen) [34] , which elicited strong upregulation of the phospho-MAPK3/MAPK1, while the MEK inhibitor PD98059 (Sigma) attenuated the EGF-induced phospho-MAPK3/ MAPK1 enhancement (data not shown).
Tissue Distribution Studies of gper by RT-PCR
Procedures for isolation, digestion, purification, and RT of total RNA from each tissue were conducted as already described. Primers for amplifying the gper were the same as those described for the transfected cells. Primers for amplifying the bactin (bactin) were as follows: bactinF (5 0 -GATCTGGCTGGTCGTGACCT-3 0 ) and bactinR (5 0 -AGAGCCTCAGGG CAACGGAAAC-3 0 ). The PCR was run for 3 min at 958C, followed by 40 cycles of 15 sec at 958C, 15 sec at 568C, 30 sec at 728C, and a final extension step at 728C for 1 min. Five microliters of the PCR product was separated on a 1.5% agarose gel. Negative controls were included in which the RT step was omitted from the cDNA synthesis step.
In Situ Hybridization of gper Expression in Zebrafish Brain and Testis
The intact brain and testis from adult male zebrafish were carefully dissected and fixed in 4% buffered paraformaldehyde overnight at 48C, then dehydrated through a graded series of ethanol and cleared with xylene, and finally embedded in paraffin. The brain and testis were cut into 10-lm and 6-lm sections, respectively, and were mounted onto aminopropyl-triethoxysilane-treated glass slides (Tianjin H&Y Bio. Co. Ltd.) and stored at À808C until use for DIG in situ hybridization.
Sense and antisense gper riboprobes were synthesized using pGEM-T easy transcription vector (Promega) constructs containing the gper 3 0 UTR and were linearized with NdeI or NcoI endonuclease (Takara) as template for T7 or SP6 RNA polymerase. The RNA probes were labeled using the DIG RNA labeling kit (Roche).
The deparaffinized tissue sections were first prehybridized for 30 min, and then a total of 250 ll of hybridization buffer containing 150 ng of DIG-labeled 1256 sense or antisense gper riboprobe was added to each slide and incubated in a humidified box at 428C for 16 h. After hybridization, sections were washed twice in 23 saline-sodium citrate (SSC) (13 SSC ¼ 0.15 M NaCl and 15 mM sodium citrate) at room temperature for 15 min and in 13 SSC and 0.13 SSC at 558C for 1 h sequentially. The hybridization signals were detected using anti-DIG conjugated with alkaline phosphatase and were visualized with nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate substrate solution (Roche). The sections were washed rapidly twice with diethyl pyrocarbonate (DEPC)-treated water and dehydrated with 70%, 95%, and 100% ethanol for 30 sec each, incubated in xylene for 1 min, and air dried. The in situ hybridization assays were repeated three times independently on different batches of male fish.
Laser Capture Microdissection
Testis for isolation of highly purified cell populations using laser capture microdissection (LCM) microscopy was fixed and dehydrated as described previously for in situ hybridization. The embedded testis was cut into 5-lm sections and mounted onto frame slides (MicroDissect GmbH). A brief hematoxylin-eosin staining protocol was developed for isolating purified cells using LCM as follows: xylene (I) for 15 min, xylene (II) for 15 min, 100% alcohol for 4 min, 95% alcohol for 4 min, 80% alcohol for 4 min, 70% alcohol for 4 min, DEPC-treated water for 4 min, Mayer hematoxylin for 10 min, washed by DEPC-treated water for 2 min, 1% muriatic acid for 12 sec, washed by DEPC-treated water for 5 min, 0.3% eosin for 5 min, and washed and immersed with DEPC-treated water. Total RNA of isolated cells was extracted following the procedure of the Absolutely RNA Nanoprep kit (Stratagene). The LCM and RT-PCR assays were repeated three times independently, giving similar results.
RESULTS
Sequence and Phylogenetic Analyses
We initially identified a computationally predicted sequence LOC565271 (accession number XM_688551) with homology to GPER by performing a cross-species megaBLAST program in the zebrafish RefSeq RNA database in National Center for Biotechnology Information using the cDNA sequence of human GPER (accession number NM_001505). A pair of specific primers designed upstream of the start codon and downstream of the stop codon as described in Materials and Methods was then used to experimentally prove the expression of this gene in zebrafish. Subsequently, we cloned its fulllength cDNA sequence by 5 0 and 3 0 RACE techniques and designated it as gper.
A total of 2833 bp of cDNA was pieced together after two rounds of PCR separately performed at the 5 0 and 3 0 ends. Additional primers of gperF4 (5 0 -GGGAAGAGCAGTGCC AGAAATCAG-3 0 ) and gperR4 (5 0 -CCAAGTCTGCGC TCATTAGTG-3 0 ) designed on the 5 0 UTR and 3 0 UTR sequences, respectively, were used to amplify the full ORF of the anticipated size, proving the authenticity of the assembled sequence. The full-length gper was found to consist of a 682-bp 5 0 UTR, a 1062-bp ORF that can be translated into 353 amino acids encoding a protein of 40.9 M r 3 10 À3 , and a 1089-bp 3 0 UTR containing the consensus polyadenylation signal AATAAA. Within the N-terminal extracellular domain, there are three potential N-glycosylation sites that accord with the motif of Asn-X-Ser/Thr. We further characterized the gene gper IN EARLY GERM CELLS OF ZEBRAFISH TESTIS structure of zebrafish and human GPER by performing a BLASTN program on each genome using the full-length cDNA sequence. As shown in Figure 1 , the gper gene is located on chromosome 3 and is composed of three exons, while the human GPER is located on chromosome 7 and contains two exons. The latter part of the 5 0 UTR together with the entire ORF and the 3 0 UTR of both the zebrafish and human receptors are located within one exon. Different from GPER, the front portion of the 5 0 UTR of gper is divided by two introns. Sequences within the two introns are consistent with the consensus splice donor and splice accepter sites (Table  1 ) [35] . 
illustrating the locations of gper (black dots) expression in a sagittal brain section. B and C) Whole sagittal brain section. B) Hematoxylin-eosin-stained sagittal brain section that is used to confirm the schematic diagram in A. C) Negative control of the sagittal brain section hybridized with DIG-labeled sense riboprobe. Neither B nor C is for identification of any detailed or concrete brain area or cells; therefore, no scale bars were added. F, J, K, and L are horizontal sections, and D, E, G, H, and I are sagittal brain sections. M) Hematoxylin-eosin-stained stained testis. N) gper antisense probe hybridized testis. OB, olfactory bulb; Pa, pallium; TeO, optic tectum; Hy, hypothalamus; PGZ, periventricular gray zone of the optic tectum; Ce, cerebellum; PTN, posterior tuberal nucleus; HV, periventricular nuclei of the hypothalamus; LH, lateral nuclei of the hypothalamus; Mo, medulla oblongata; Sg, spermatogonia; Sc, spermatocyte; St, spermatid; Ser, Sertoli cell. Bars ¼ 100 lm.
The human interleukin (IL) 8 receptor alpha is a well-known classic GPCR. We compared it structurally with the human, mouse, and zebrafish Gper by amino acid sequence alignment (Fig. 2) . As is true for most GPCRs, the most conserved regions are within the seven-transmembrane domains. The cysteine residues and DRY (Asp-Arg-Tyr) triplet sequence in Gper are also conserved among all other compared receptors. Based on the amino acid alignment results, a phylogenetic tree using the P distance-based neighbor-joining method with 1000 bootstrap replicates was constructed (Fig. 3) , which further attested to the homology and conservation of GPER in vertebrates.
Functional Expression of the Cloned gper in Cultured Eukaryotic Cells
The cloned gper was subcloned in a eukaryotic expression vector and was functionally expressed in cultured COS-7 cells by transfection. Expression of gper in the transfected COS-7 cells was confirmed by RT-PCR and Western blot analysis. As the RT-PCR result demonstrated, an amplicon of the expected size was detected in the transfected COS-7 cells (Fig. 4A) .
Results from the Western analysis further demonstrated the expression of the Gper protein in the transfected cells by showing a band at around 41.7 kDa (Fig. 4B) . No signal was detected in the control COS-7 cells in either assay.
Saturation analysis and Scatchard plotting of [ 3 H]-E 2 binding to plasma membranes of the gper-transfected COS-7 cells showed the presence of a single class of high-affinity and saturable E 2 -binding sites with a mean 6 SEM K d of 2.3 6 0.11 nM (Fig. 4C) . Membrane preparations extracted from the control COS-7 cells exhibited no specific binding (data not shown). Association and dissociation of [ 3 H]-E 2 binding to membranes prepared from the receptor-transfected cells were rapid and completed within 10 min (Fig. 4D) . Results of the functional assay on transactivating the cAMP response element showed that Gper could activate the pCRE promoter at E 2 concentrations from 10 À8 M onward in a dose-dependent manner (Fig. 5A) . At a concentration of 10 À7 M, E 2 gave a significant increase in pCRE promoter activity, whereas all other steroid hormones tested (cortisol, testosterone, and progesterone) elicited no significant change, indicating the specificity of the receptor to E 2 (data not shown). In addition, it was found that E 2 could stimulate the phosphorylation of MAPK3/MAPK1 in the gper-transfected COS-7 cells in a dose-dependent manner (Fig. 6 ).
Tissue Distribution and Localization of gper in the Brain and Testis of Zebrafish
We performed RT-PCR to study the tissue distribution of gper. As shown in Figure 7 , gper is expressed most abundantly in the brain and testis and is of appreciable abundance in the ovary and muscle. While there is some expression in the intestine, the receptor could not be detected in the liver or heart.
Further investigation on the precise localization of gper mRNA in the adult brain and testis was performed by in situ hybridization (Fig. 8) . In the brain, gper-positive cells began to appear from the olfactory bulbs and extended to the pallium layer of the telencephalon (Fig. 8D) . A horizontal view of the telencephalon section (Fig. 8F) indicated that gper tends to aggregate in the fringe region but is sporadically expressed in the adaxial pallium. Staining was also obvious in the periventricular gray zone of the optic tectum, while little was seen in the outer tectal layer and the thalamus (Fig. 8G) . In the hypothalamus, gper-positive cells were most abundant in the nuclei area of the ventral periventricular hypothalamic region (Fig. 8, E and L). The cerebellum (Fig. 8, H and K) and medulla oblongata (Fig. 8, I and J) were two other areas that abundantly expressed the gper mRNA. In situ hybridization using a gper sense riboprobe resulted in the absence of staining (Fig. 8C) . In adult testis, gper mRNA is mainly expressed in early germ cells, including the spermatogonia and spermatocytes, as well as in somatic cells such as Sertoli cells (Fig. 8N) . In contrast, no staining was detected in the haploid spermatids.
To confirm the results of the in situ hybridization, purified spermatids and early germ cells, including the spermatogonial and spermatocytic populations, were isolated using LCM techniques (Fig. 9) . Bactin was used as an internal control in the subsequent RT-PCR (Fig. 10A) . Contamination between FIG. 9. Hematoxylin-eosin staining sections before and after LCM. A and A') Hematoxylin-eosin staining before and after isolating spermatids by LCM, respectively. B and B') Hematoxylin-eosin staining before and after isolating spermatogonia and spermatocytes, respectively. Original magnification 3400. gper IN EARLY GERM CELLS OF ZEBRAFISH TESTIS the isolated early and late germ cells was excluded by amplifying syce2, which is only expressed in early germ cells (Fig. 10B ). In accord with the results of in situ hybridization, gper is only detected in early germ cells, as indicated by our RT-PCR result (Fig. 10C) .
DISCUSSION
Seven-transmembrane receptors form the largest family of cell surface receptors in which sequences of the members are conserved among vertebrates. As demonstrated by multiple alignments, Gper also possesses seven hydrophobic transmembrane domains, each containing 20-26 amino acids interconnected by six alternating extracellular and intracellular loops (Fig. 2) . Phylogenetic analysis further demonstrated the identity of the cloned sequence by clustering Gper with other homologous proteins in primates and other mammals (Fig. 3) . In addition to the conserved seven-transmembrane domains, there are eight conserved cysteine residues shared by all four aligned receptors (Fig. 2) . Among them, the two cysteine residues located in the first and second extracellular loops may be of significance in forming an intramolecular disulfide bridge that provides the conformational constraint necessary for maintaining receptor structure. The DRY triplet sequence is known to be highly conserved among numerous GPCRs and likely functions in signal transduction [36] . The same sequence is present in the second intracytoplasmic loop of Gper (Fig. 2) .
Apart from phylogenetic evidence, Gper was functionally demonstrated to be an estrogen receptor by subsequent receptor binding and promoter transactivation assays. In addition, enhanced phosphorylation of MAPK3/MAPK1 by E 2 stimulation of Gper was demonstrated. However, in the present study, Gper failed to mediate stimulation of the FOS promoter at a wide range of E 2 concentrations in the transfected COS-7 cells. This may due to cellular differences between kidney fibroblast and breast cancer cells. The interspecies differences between zebrafish and human GPER might also contribute to the functional dissimilarity.
Zebrafish gper is widely expressed in the central nervous system and in peripheral tissues such as the gonads, muscle, and intestine in the adult fish. Investigators have found gper to be highly expressed in a number of brain regions that are known to control reproduction and sex behavior in teleosts [37] [38] [39] [40] . Menuet et al. [41] characterized the distinct but partially overlapping patterns of expression of three functional esr mRNAs in the preoptic area and mediobasal hypothalamus of adult zebrafish brain. We also identified gper mRNApositive cells in the mediobasal hypothalamus. The hypothalamus has been recognized as the site at which ovarian steroids exert their control on reproductive functions. The colocalization of both classic nuclear esrs and gper indicates possible cooperation between genomic and nongenomic estrogen actions in controlling reproduction. Indeed, membrane ESRs can bidirectionally communicate with the nucleus by initiating downstream signaling to MAPK and PIK3/AKT kinases in EGF, ERBB2, and IGF1 receptor-dependent pathways, which subsequently phosphorylate discrete residues of the endogenous nuclear ERs, upregulating their transcriptional activity or affecting the phosphorylation and recruitment of coactivator proteins [42] . Information regarding the possible roles of GPER during brain development has not been well characterized. However, the finding of a rapid action of estradiol on kainate-induced currents in the brain of Esr knockout mice [43] has shed light on the hypothesis of nuclear ESR-independent membrane ESR in modulating brain functions. In this regard, the role of Gper in brain areas such as the olfactory bulbs, pallium layer of the telencephalon, periventricular gray zone of the optic tectum, cerebellum, and medulla oblongata, where nuclear ESRs are rare, warrants further investigation.
As demonstrated by RT-PCR, the testis is another target tissue with an abundance of gper mRNA. To explore the role of Gper in spermatogenesis, we further performed in situ hybridization studies. We found that gper mRNA is mainly expressed in early germ cells of the testis, including the spermatogonia and spermatocytes, as well as in somatic cells such as Sertoli cells. Laser capture microdissection coupled with subsequent RT-PCR analysis has been recently demonstrated to be useful in analyzing gene expression in the testis [44] . In zebrafish, there is no specific molecular marker that can distinguish each type of germ cell. However, contamination between the isolated early and late germ cells can be excluded by amplifying syce2, as this gene is only expressed in early germ cells, including spermatogonia and spermatocytes [45] . The RT-PCR analysis following LCM confirmed the result of in situ hybridization, indicating a possible GPCRmediated estrogen action in the early spermatogenesis process. Loomis and Thomas [46] described a high-affinity estrogen binding protein that is linked to a cell surface-initiated rapid action of estrogen to downregulate testicular androgen production on croaker testicular membrane fractions, and they subsequently demonstrated that it could cause a rapid E 2 concentration-dependent increase in cAMP production by activating a Gsa subunit [47] . Gper was postulated to be involved in this process. In addition, normal proliferation, differentiation, and functional maturation of Sertoli cells are vital for the initiation of spermatogenesis and fertility in the adult [48] . Estrogen may act to control the neonatal period of Sertoli cell division and differentiation [3] . Protein kinases, phosphatases, cAMP, cGMP, GTPases, and calcium were reported to participate in the regulation of Sertoli cell-related cell junction dynamics in the testis [48] . Therefore, it would be informing to explore whether Gper expressed in Sertoli cells can initiate a signaling cascade to activate any of these downstream molecules affecting cell junction dynamics.
In conclusion, we identified an estrogen-responsive seventransmembrane receptor with homology to human GPER from the testis of zebrafish. Zebrafish gper is widely distributed in the central nervous system and in many peripheral tissues of the adult fish, particularly the brain and testis. In situ hybridization studies demonstrated the presence of gper mRNA in early germ cells of the testis, including spermatogonia and spermatocytes, as well as in somatic cells such as Sertoli cells. Further investigation on how this nuclear ESRindependent rapid estrogen response may affect male reproduction is warranted.
